Abstract. Activation of signal transducer and activator of transcription 3 (STAT3) is associated with poor clinical outcome of glioblastoma (GBM). However, the role of STAT3 in resistance to alkylator-based chemotherapy remains unknown. Here, we retrospectively analyzed the phosphorylated STAT3 (p-STAT3) profile of 68 GBM patients receiving alkylator therapy, identifying p-STAT3 as an independent unfavorable prognostic factor for progression-free and overall survival. Additionally, elevated p-STAT3 expression correlated with resistance to alkylator therapy. In vitro analysis revealed that U251 and U87 human glioma cells were refractory to treatment with the common alkylating agent temozolomide (TMZ), with only a modest impact on AKT and β-catenin activation in the context of high p-STAT3. Inhibition of STAT3 in these cells significantly enhanced the effect of TMZ. Inhibition of STAT3 dramatically decreased the IC 50 of TMZ, increasing TMZ-induced apoptosis while up-regulating expression of Bcl-2 and down-regulating expression of Bax. Furthermore, inhibition of STAT3 increased TMZ-induced G 0 -G 1 arrest and decreased Cyclin D1 expression compared to TMZ alone. Together, these results indicate that inhibition of STAT3 sensitizes glioma cells to TMZ, at least in part, by blocking the p-AKT and β-catenin pathways. These findings strongly support the hypothesis that STAT3 inhibition significantly improves the clinical efficacy of alkylating agents.
Introduction
Glioblastoma multiforme (GBM) is the most common and aggressive primary malignant brain tumor. Despite intensive multimodality treatment, including surgical resection combined with radiation and chemotherapy, the prognosis of GBM patients remains very poor with a median survival of less than 15 months (1). Intrinsic or acquired chemoresistance to alkylating agents has been identified as a major cause of treatment failure; however, the molecular mechanism of resistance remains unknown (2) . Signal transducer and activator of transcription 3 (STAT3) is an oncogenic transcription factor (3, 4) that is constitutively active in many types of human cancers, including GBM (5, 6) . STAT3 regulates the transcription of multiple genes involved in cell cycle progression, cell survival and angiogenesis. As high levels of phosphorylated STAT3 in GBM correlate with a poor clinical outcome (5, 6) , targeting STAT3 represents a promising approach to chemosensitize GBM to alkylating agent therapeutics (7, 8) .
Dysregulation of proteins involved in apoptosis signal transduction (2) and cell cycle progression (9) have been implicated in the development of chemoresistance in malignant glioma. For example, up-regulation of anti-apoptotic Bcl-2 or positive cell cycle regulator Cyclin D1, or down-regulation of pro-apoptotic protein Bax, disrupt the normal apoptotic response to DNA damage. Accumulating evidence suggests that the p-AKT and β-catenin signaling pathways are involved in apoptosis-regulation (10) (11) (12) . Activation of β-catenin has been shown to regulate transcription of Cyclin D1 (11) , while activation of AKT is involved in inactivating pro-apoptotic factors Bad and caspase-9, activating IκB kinase-and NF-κB-induced transcription of anti-apoptotic genes, and promoting Inhibition of STAT3 reverses alkylator resistance through modulation of the AKT and β-catenin signaling pathways nuclear entry of Mdm2 to inhibit the p53 pathway (13) . To date, however, whether STAT3-induced alkylator-resistance is related to the mechanism of apoptosis-regulation though the p-AKT and β-catenin pathways remains unknown.
Here, we investigated the prognostic relevance of STAT3 phosphorylation at Y705 (pY705-STAT3) in a retrospective analysis of GBM patients exposed to alkylating agent therapy. Our results revealed that p-STAT3 overexpression was correlated with alkylator-resistance in a statistically significant manner. Based upon these findings, we demonstrated that pharmacologic inhibition of STAT3 with WP1066 (14) impacts p-AKT and β-catenin expression in human glioblastoma U251 and U87 cells. Furthermore, while TMZ displayed only a modest impact on AKT and β-catenin when p-STAT3 expression was high, the effect was greatly enhanced upon inhibition of STAT3. Similarly, TMZ-induced apoptosis, cell death and inhibition of cell cycle progression were enhanced following treatment with WP1066. These results suggest that inhibition of STAT3 sensitizes human glioblastoma cells to TMZ, at least in part, by blocking the p-AKT and β-catenin pathways.
Materials and methods

Patients and treatment.
We retrospectively identified patients with supratentorial GBM that had undergone surgical resection at the Glioma Treatment Center of Beijing Tiantan Hospital between February 2006 and April 2009. The inclusion criteria in this study were as follows: i) patients received standard treatment; ii) patients received routine contrast-enhanced MRI examination before and after surgical operation every 3 months until death; iii) patient tissue was available for immunochemical analysis; and iv) patients provided informed written consent. Patients who died from non-glioma-related causes were excluded from the study. Two independent neuropathologists reaffirmed the histological diagnosis of each patient according to the 2007 WHO Classification (15) . Clinical data, including age at diagnosis, gender and preoperative Karnofsky performance status (KPS) were obtained from the patient medical charts. Progression-free survival (PFS) was defined as the time from surgical resection to the first MRI-confirmed recurrence or until death. Overall survival (OS) was defined as the period of time from surgical resection to death. The study was approved by the Ethics Committee of Beijing Tiantan Hospital and was based on the criteria of the Helsinki convention.
Standard treatment consisted of surgical resection and postoperative radiotherapy, with adjuvant chemotherapy. The extent of resection was assessed using postoperative enhanced MRI within 24 h and graded as total or subtotal resection. The patients received standard radiotherapy (60 Gy in 2 Gy fractions, with five fractions administered per week) of the contrast-enhancing lesion (plus a 2-cm safety margin and the area of preoperative edema). Adjuvant chemotherapy was administered for 4 weeks, and consisted mainly of temozolomide (TMZ) or 1-(4-amino-2-methylpyrimidinyl) methyl-3-(2-chloroethyl)-3-nitrosourea hydrochloride (ACNU) plus cisplatin or ACNU plus teniposide. Six cycles were administered in the absence of disease progression or irreversible hematological toxicity.
Tissue microarray and immunochemistry. Tumor regions on each formalin-fixed, paraffin-embedded tissue block were marked by a neuropathologist. Tissue microarray (TMA) blocks were constructed with a tissue microarrayer (Beecher Instruments, USA) as described previously (16) . Each tumor was sampled in duplicate, yielding composite array blocks comprising a total of 132 tissue cores. In addition, the TMA also contained eight normal brain tissues from epilepsy surgical resections. Standard immunohistochemistry was applied. We used anti-p-STAT3 (tyrosine 705; rabbit monoclonal antibody, clone D3A7; Cell Signaling) at a dilution of 1:50. The degree of immunostaining was determined by combining the proportion of positively stained tumor cells and the intensity of staining. The proportion of positively stained tumor cells was graded as follows: 0, no positive tumor cells; 1, <5% positive tumor cells; 2, 5-20% positive tumor cells; and 3, >20% positive tumor cells (5) . The intensity of staining was recorded on a scale of 0 (no staining), 1 (weak staining, light yellow), 2 (moderate staining, yellowish brown) and 3 (strong staining, brown). The staining index was calculated as follows: staining index = staining intensity x proportion of positively stained tumor cells. High p-STAT3 expression was defined as a staining index score >4, while low expression was defined as a staining index ≤4.
Cell lines and cell culture. Human glioblastoma cell lines U251 and U87 were obtained from the China Academia Sinica cell repository (Shanghai, China). The cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco, USA) supplemented with 10% fetal bovine serum and incubated at 37˚C in 5% CO 2 . Cells were seeded in flasks and incubated at 37˚C in a fully humidified atmosphere with 5% CO 2 . Upon 80% confluency, cells were starved in DMEM with 1% FBS for 24 h and maintained in this low serum condition for the course of treatment.
Cell cycle analysis. Cell cycle analysis by flow cytometry (FCM) was performed on transfected and control cells in log phase growth. Cells were washed with PBS, fixed with 90% ethanol overnight at 4˚C, and then incubated with RNase at 37˚C for 30 min. The nuclei of cells were stained with propidium iodide (PI) for an additional 30 min. The stained nuclei were then analyzed using a FACSCalibur flow cytometer (BectonDickinson, San Jose, CA, USA). Samples were analyzed by flow cytometry for the FL-2 area, and DNA histograms were analyzed by Modifit software.
Cell viability assay. Cell viability was determined by the MTT [3-(4,5-dimethylthiazole)-2,5-diphenyltetrazolium bromide] assay. Briefly, U87 and U251 cells were seeded into 96-well plates at 4000 cells per well and allowed to attach overnight. TMZ (Sigma, USA) or WP1066 (Calbiochem, Germany) was added to the culture at a concentration of 10 and 3 µM, respectively. On each day for 6 consecutive days after treatment, MTT solution (5 mg/ml) was added to each well, and the cells were incubated at 37˚C for 4 h. Cells were lysed, and the optical density (OD) was measured at the wavelength of 570 nm. IC 50 values were calculated from the linear regression line of the plot of percent inhibition versus log inhibitor concentration.
Apoptosis assay. To quantify drug-induced apoptosis, Annexin V/PI staining was performed and cells were evaluated by flow cytometry. Briefly, cells were treated with WP1066 or TMZ for 48 h, and floating and attached cells were collected. Apoptotic cells were detected using the Annexin V-FITC Apoptosis Detection Kit (BioVision, Palo Alto, CA), according to the manufacturer's instructions. The resulting fluorescence was measured by flow cytometry using a FACS flow cytometer. Tests were repeated in triplicate.
Western blot analysis. After cell treatment, cell lysates were prepared via sonication, electrophoresed onto SDS-polyacrylamide gels, and transferred to polyvinylidene difluoride membranes, as previously described (17) . Membranes were probed with rabbit antibodies against STAT3 (79D7; Cell Signaling), pY705-STAT3 (D3A7; Cell Signaling), p-AKT (Ser473; Cell Signaling), β-catenin (H-102; Santa Cruz Biotechnology) and Cyclin D1 (c-20; Santa Cruz Biotechnology) and mouse monoclonal antibodies against Bcl-2 (C-2; Santa Cruz Biotechnology), Bax (6D149; Santa Cruz Biotechnology) and GAPDH (A-3; Santa Cruz Biotechnology) at dilutions of 1:1000. Blots were detected with horseradish peroxidaselabeled anti-rabbit or anti-mouse antibodies (1:5000 dilution), developed using enhanced chemiluminescence (ECL) reagents (Amersham Pharmacia, UK) and visualized using the GeneGenius Imaging System (Syngene, Frederick, MD, USA).
Statistical analysis. SPSS 13.0 (Chicago, IL, USA) was used for all statistical analyses. Survival curves were estimated using the Kaplan-Meier method, and statistical differences were evaluated using the two-sided log-rank test. Factors with corresponding P-values of <0.05 in the univariate analysis were introduced into multivariate Cox models. The t-test, χ 2 test or one-way ANOVA was applied for statistical analysis of the correlation between two independent variables. All laboratory tests were conducted in triplicate, and data were presented as the mean ± SD of separate experiments. P<0.05 (two-sided) was considered statistically significant.
Results
Patient demographics. Sixty-eight mainland Han Chinese GBM patients receiving standard treatment were included in this study. The patient population consisted of 47 males and 21 females with a median age of 45 years (range 15-68). Of the 68 cases, 34 underwent total tumor resection and 34 underwent subtotal tumor resection. Preoperative KPS scores ranged from 50 to 100 (median of 80). Fifty-one patients died after a median follow-up of 29.5 months (range OS times of 382 and 493 days, respectively, those with low expression had PFS and OS times of 565 and 764 days, respectively. Preoperative KPS score and extent of resection was also related to OS (P=0.002 and 0.01, respectively). No statistical significance was observed between age or gender and either PFS or OS (Fig. 1, Tables I and II) .
Multivariate analysis identified that high p-STAT3 expression was a significant independent unfavorable prognostic factor for PFS [P=0.004, hazard ratio (HR), 2.629] and OS (P=0.007, HR, 2.402) (Tables I and II) . Similarly, preoperative KPS score was also identified as an independent prognostic factor for PFS (P=0.005) and OS (P=0.001). Table I . Variables related to progression-free survival (PFS) in 68 glioblastomas with combined treatment: univariate and multivariate analysis. (Fig. 2) . A previous study showed that WP1066 was an effective inhibitor of STAT3 and its upstream regulator JAK2 (14) . It was demonstrated that WP1066, at the low-cytotoxic concentration of 3 µM for 48 h (18) , inhibited up to 50% of STAT3 phosphorylation at Y705 without significantly altering total STAT3 expression (Fig. 2 ). These data demonstrate that WP1066 inhibits constitutively activated STAT3 at Y705.
Univariate analysis Multivariate analysis -------------------------------------------------------------------------------------------------------------------------------------------------------------
p-STAT3 regulates TMZ-induced activation of the PI3K/
AKT and Wnt/β-catenin pathways. The phosphatidylinositol 3-kinase (PI3K)/AKT pathway in malignant cells contributes to survival signaling (12, 13) . Previous studies have shown that the activity of the PI3K/AKT pathway in tumors is linked to resistance to antineoplastic agents (19, 20) . We examined p-AKT expression following treatment with the novel alkylating agent TMZ. We observed that in the context of high p-STAT3, lowdose TMZ (10 µM) resulted in a modest inhibition of AKT activation, such that p-AKT was decreased by 20% in U251 cells and 30% in U87 cells. Inhibition of STAT3 by WP1066 significantly enhanced TMZ-induced AKT inhibition. In cells treated with WP1066 (resulting in a 60% reduction in p-STAT3), TMZ-induced AKT inhibition was decreased by 60 and 80% in U251 and U87 cells, respectively. In summary, a 40% reduction in activated STAT3 enhanced TMZ-induced inhibition of p-AKT by ~2-and 3.5-fold in U251 and U87 cells, respectively (Fig. 3) . Aberrant activation of the β-catenin signaling pathway is similarly associated with cancers, as multiple Wnt/β-catenin target genes are regulators of cell proliferation, survival and 
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tumorigenesis (21) . We showed that TMZ (10 µM)-induced inhibition of β-catenin was regulated by STAT3 activation. While TMZ inhibited β-catenin by 40% in both U251 and U87 cells, a 50% reduction in p-STAT3 by WP1066 enhanced the inhibition of β-catenin to 60% (Fig. 3) . Taken together, TMZ-induced inhibition of the p-AKT and β-catenin pathways is regulated by p-STAT3.
WP1066 enhances TMZ-induced cytotoxicity of U251 and U87 cells.
To determine whether inhibition of STAT3 sensitizes U251 and U87 cells to TMZ-induced cell death, dose-response curves for TMZ were generated alone and in combination with WP1066. The results revealed that WP1066 decreases proliferation and increases U251 and U87 cell sensitivity to TMZ. Fig. 4A shows that the TMZ concentration causing 50% growth inhibition (IC 50 ) of U251 cells was reduced from 22 to 6 µM when administered in combination with 3 µM WP1066 (P<0.01). Similarly, combination treatment with WP1066 reduced the IC 50 of TMZ in U87 cells from 23 to 5 µM (P<0.01).
The combination of WP1066 and TMZ resulted in enhanced efficacy over TMZ alone throughout the 6-day experiment ( Fig. 4C and D) . Fig. 5B ; P<0.05). A significant decrease in the expression of Bcl-2, a potent anti-apoptotic regulatory factor, was observed following treatment of U251 and U87 cells with TMZ combined with WP1066, compared to treatment with TMZ alone (Fig. 5C ; P<0.05). Similarly, the expression of pro-apoptotic Bax was >50% increased in each cell line following treatment with TMZ plus WP1066, compared to TMZ alone ( Fig. 5C ; P<0.01). Collectively, these data suggest that inhibition of STAT3 sensitizes glioblastoma cells to TMZ-induced apoptosis.
WP1066 sensitizes glioma cells to TMZ-induced apoptosis and
To investigate the synergistic effects of WP1066 and TMZ on cell cycle progression, cell cycle phase distribution was determined by flow cytometric analysis. When combined with WP1066, TMZ significantly increased the population of cells at the G 0 -G 1 boundary ( Fig. 6A and B ; P<0.01) and downregulated the expression of the cell cycle-regulating protein Cyclin D1 (Fig. 6C ), compared to treatment with TMZ alone.
Discussion
A growing body of evidence indicates that constitutively activated STAT3 in malignant glioma is correlated with a poor clinical outcome (5, 6, 8) . However, the role of STAT3 in chemoresistance remains unknown. In this study, we analyzed 68 GBM patients receiving a similar treatment protocol of alkylating agents, using pY705-STAT3 as a measure of STAT3 activation. We found that p-STAT3 was a significant independent unfavorable prognostic factor for GBM progression and prognosis. Furthermore, inhibition of STAT3 increased TMZ-induced cell death in U251 and U87 cells, reducing the drug IC 50 by 3.7-and 4.6-fold, respectively. FACS analysis showed that a STAT3 inhibitor enhanced TMZ-induced apoptosis and induced G 0 -G 1 arrest. These results indicate that aberrant activation of STAT3 confers alkylator-resistance, suggesting that targeting STAT3 can enhance glioma cell chemosensitivity. Our findings identify a novel approach to improve therapy for GBM.
Accumulating experimental evidence indicates that constitutive activation of the P13K/AKT signaling pathway is associated with tumor cell resistance to conventional chemotherapy (19, 20) . To our knowledge, this is the first study to investigate whether the blockade of the p-AKT pathway by alkylator treatment is related to p-STAT3 expression. We found that glial tumor cells with hyperactive STAT3 tend to express high levels of p-AKT, and TMZ has only a modest impact on AKT activation in these cells. The effectiveness of TMZ was dramatically enhanced upon inhibition of STAT3. These results suggest that STAT3 confers alkylator-resistance, in part by up-regulating the PI3K/AKT signaling pathways.
β-catenin is a key factor in the Wnt signaling pathway. The elevation of β-catenin levels leads to its nuclear accumulation and forms a β-catenin/Lef/Tcf complex and regulates transcription of multiple genes involved in apoptosis and cell cycle, including c-myc and Cyclin D1 (11) . Therefore, aber- rant activation of the β-catenin pathway also has potential to contribute to alkylator-resistance. We observed that inhibition of STAT3 resulted in down-regulation of the protein expression of β-catenin in malignant glioma cells. In agreement with this finding, Kawada et al previously reported that inhibition of STAT3 decreased the nuclear localization and transcriptional activity of β-catenin in colon cancer cells (22) . A recent study, using chromatin immunoprecipitation, confirmed two STAT3-binding sites located in the gene promoter region of β-catenin in breast cancer (23) , indicating that STAT3 is a transcriptional regulator for β-catenin. These data support our conclusion that p-STAT3 regulates TMZ-induced downregulation of β-catenin expression. Thus, our data indicate that inhibition of STAT3 impacts GBM via at least two distinct pathways, by impacting both AKT and β-catenin signaling.
Collectively, our findings indicate that STAT3 activation in GBM regulates resistance to alkylating agents. Inhibition of STAT3 sensitizes TMZ-induced cell death, at least in part, by blocking the p-AKT and β-catenin pathways. STAT3 signaling regulates several critical signaling pathways, including the PI3K/AKT and Wnt/β-catenin pathways, as well as regulates transcription of other receptor tyrosine kinases. Our findings strongly support the hypothesis that STAT3 inhibition improves the clinical efficacy of alkylating agents for the treatment of GBM. These data warrant additional preclinical evaluation of the therapeutic benefit of STAT3 and alkylating agent combination therapy for drug-resistant glioblastoma.
